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EXPERIH~TAL SUtMARY

J. L. Smith

Los Alamo- Nmtional Lmborato~
Los Ah=os, NH 87545, USA

In ordm to ■akt tha axperimenml su-ry, I think I must define cx-
pariment. Physicists oboc~ things ●nd attempt to undarstind them. Tlmt
is probbly why most of us chosa phytics. It so Illappabm that the -my
things ● ra ●ll 80nQ0 We now go to great lengths w obsarve things, for ●-
ampla low tamporaturos, ●nd often to groat formalicm to understand tham~
●nd this has lod to ● graator distinction balman ●x~rimtnt and theory.
Hmavor our goal is not m work on ●vtrythlng, mot to fill Ubl@s of dam,
but to stimulata ●nd cnjo~ ttN intarplay batwtan ●xparimant ●nd thaory. So
this is wlut to look for ●t ● confaronco.

It ~a~ms mppropriata to commsat first on tha name of ttm confcranca.
As I will mention ●gain thora is ● continuum in our phytics. The topice wo
discuss aLa local mmont ugn~tism, heavy fanions, IMavy ‘sodium”, wan
rl-chctron transition ●atalc, ●nd of coursa, some mlxod valance. f do not
ncccssszily kliova that tlw man of thama confarancw should ba clungad,
but I would lika to rccognixt tha co-n denominator. Highly corr~latad
clsctron b~hsvfior seams to d~tcribs most of tho physics w havo soonl ●vm
lf w find tha occasional phmm transition.

of couzsa tha hottmt toPic was hi@-TC mpcrcmauctivity in dop~d

La#uOh. Notwithsundfng a ●inority point of viaw on lanthanum, thtoc new
compounds ●rd transition matil ntarimls. ?fgur~ lzshows s Los Alamos
measurement of Hcl ●nd HC2 on om of t.h w-conduct- in ~ ●quid
maguotomat~r. Vs~ gaw ●n impromptu overviaw of what he had eeen recent-
ly that lnft us fa,iing that tha superconductivity was g-nuino. Howavtr, I
must ●dmit that the talk Rao gavo that includ,d ●ll of tho matal-inculator
transitions in thetc oxidas, which ●ra coupltd magnetically, brought back
soma vorry that it may not b, suporconductivfty that ho baan obuorvod.
This issuo will csrtainly b. sottlod coon. It it claar why Fisk maid An
the panel that w otudy f clactrono to understand tranaitiion ❑etals bacauso
“that’s whore tlm monoy%.” Incidantly, th coppar in thsa ncw super-
conductors 1s ❑ixed valaut, whi(.t is tlm raal raason w. wcra so intcrcstod
in thes~ matorialc,

Tho d-alactron transition mat-1.s waro diocucaad ●v~n ■era. Ricgal can
localiss 3d’t and 4d’s by ion implanting tham in larga lattic,-. Lonzarich
oaam~d ●lmoat ●mbarrassad to opaak ●bout syctammp such ●t TiBa20 that tuva
Mmsco - 25 m. ●nd did not ●hou him in~laotlc nautron data that demon-
strate his idtao en uvcrdampad -gn~tic fluctuation-. Tho data showm
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Fig. 1. HcI~ Hc~ ●nd HC2 of Lalm 7Bs. #@@y. This work i-
submitted for publication>_E. Zirngiabl, J. D. Thompson,
C. Y. Huang, ●nd C. W. Chu and should ba so raforoncad.

●bcolutaly classical Fami liquid theory, something that lwavy farmicm do
not.

TWO●nd ● half yaats ●go in KuIu, Schlabitz gava us SuP@rcondu_c&ing
URU$i2 with ita spin dansity wav~ transition at a high~r hmparatura.
Bacauma it Iwo tha fourth-highast known electronic haat capacity for ●

superconductor, wc havs scan haro that this compound is claarly accoptad as
a full-fl~dgod heavy fermion cupcrconductor along with CaCu#i2, UBe~3, and
Uets. tlaplc showad us that its mass is =25 ma, tho ●am@ ●s Lonzarich’@
valua for TiBo2. Ev@n Uohllaban was ■cvcd to give his first Mlk on heavy
farmion suparconductoro, the point of which was to prova that thay wmc
not. At this maating Schlabitz showad us how to got the Tc UP to 1~65 K
by ●ddiug ● pinch of rhodium to URu#i2.

In tho Th# .xBa13 syttam~
i

the compl~t~ phesa diagram ramains
●luoiv~ as I sai the first day. Staglich has propoaad co-existing,
superconducting ordar paramatoro in k-apacs. The only othar ●xamplc of
this modal is in chargo dansity wava uystmo. Ha safld that tha initial
Dlope of tha daprmsion curva ■ust continuo on as th tocond tmnsitfofi
lina. In tha way I plottod this for my talk, I had wondorad why it Iookad
this way. Staglich ●lso n~cds ●n ●nomaly ●t x = O ●s the continuation to x
= O of th hump in tho Tc’s. Thero is tlm suggestion of this ● t 0.5 K,
●s ho said, in tlm haat capacity of pur~ UBc~3, or Char@ is an unpubliehsd,
I bdiovc, nagging’ foatura ●t 0.1S0 K in tha ultrcmnic ●ttenuation (Bishop
and co-workers). Iu this s~ma dias;am, tlapla showod ●vidancc for ❑ora than
ona superconducting phasa ●long tha uppsmost Tc lina based upon both
prassuro work ●nd tho racponca to gadolinium impuritiarn. H@alao ahowad
that ● critical fiald scaling that works in on~ proposod phasw dots not
work in the othr. His fits with phanomcnlogical medals to the critical
field curvae with gadolinium ● r~ quits promimlng.

Thtn Haffnsr ●ndcd ●ll of this sgraomant by vindicating Varma’s long-
hald faith that tht s~cond trancltion was inda,d ●ntif~rromagnattsm. Tho
muon rotation Iinc width incraasao ●t tho sacond transition which is only
consimtant with ● ono gaust Incrcasa in tho d~polarising field ●nd ID thue



;:~ likely due to ●ntiferromagnetic ordering of an ●ffective moment of
H“ Andernon pointed out thct there remzina a alight possibility

that it could be conciotent with a superconducting etate with a net
moment. On the whole, litde progrees waa made on describing the super-
conducting ground Yntes of heavy femion ❑aterials except to note the
widespread agreement (Aeppli, Anderson, Aaayama, Hef~ner,.. .) that they are
anisotropic with zeroes on the Fermi surface.

Ytterbium clearly can make heavy fermion compounds. Ott noted that
YbP V~S ‘a raal big ona- ●nd that care ❑ust be taken to see how y behaves
as temperature approaches zero. Dhar ● t ●l. showed YbPd#i2 to be heavy
and noted that having x/y close ta o~e was a crucial point. Rossel and
Fisk ●econded theee ideas.

Tha problam of the mechanism for hou electrons become heavy ●eemo to
be yielding to our ●ffortn. Just ● - Anderson auggeatad that the four
thooratical poincc of view wera converging and that they ❑ust ●ll give in-
sight, the axperimanbl work is also converging. Aeppli’a ●ccumulated
neutron data bve shwn a comon feature of antiferro~gnetic fluctuation
in all of the heavy ~lactron mntariala he has studied. Both lM ●nd Ott ex-
plained hw ● tomparature-d~pendent RKKY interaction parametar can drive
thg magnetic order and leavo some haavineoo bahind. Cooper’s calculations
on orbitally drivan magnatism in f-alactron materials -cam to finally pro-
vida ● way to deal with the spin-orbit inttractiona. He can explain the
occasional high ordaring tcmparaturcs in the light rare aarths, ●nd also
the g-norally reducmd ❑ornmta ●nd sensitvlty to impuriti~s. Lonzarich
nhovad that calculated F-ml surfacas for higt. ma-o ●lactrona ●r- qultc
good ●nd that he could than calculat~ Ginzburg-Landau parafmctcra to account
for the last bit of mass anhancamant that 1s ●iooing from band calcula-
tion. His magnatic polaron originating from ovtirdamp-d magnatic fluctua-
tion saerns liktly to be tho corract physics for tha ●lmoat ❑aguotic
transition motxl aacorialc and for the heavy ●loctron materials that have
bem maasurcd co far by do Haae-van Alphan. Fiok propos~d a mort of fir-t
cut at ● modal simil~r to ninglat ground atit~ ❑mgnotism where momonts can
bootstrnp th~moolvoo ●m tha tamporaturc increasas.

Aa I ❑antionod ●arliar, that- lrn no longmr ●ny quantion that tharo is
● continuum in tha physic- that w. hava been ditcusoing. It rangat from
local f-oloctron momanu through htavy formions (and the ralat~d Rondo I
problem in diluta systama) through ❑ix~d Val@nco to conventional ●norgy
band matalo with t+oir trivial Fermi surfacac. Bacausa 00IM thooriotm
raally do work on heavy medium, we hd ● lot of fun tnlking about spherical
COWS, which dapand on tha fact that a cou io topologically ●quivalant to a
tphcra which ●llows us to raplac~ ● cornpl~x Farmi surfaco with ● mphara of
th~ Bamo volumo. Edua:d’m shzrp distinction batvoon local and ltlnorant
●loctrons; which is obvious bacauro ona -n distinguish whothor ths
●lactrons contribute to tha Farmi surfaca, occurs botvcan local ❑omante and
tho haavy ●lactrons, which mro juot on tha cdga of balng locnlizad. Abjde
from this, the raat is continuous. Andsrson ohoved dgk’istgr’o plot of in y
versus in of tho dansity of f cantor- (a meaouro of l/TK) to ~ka this
point. Fisk outlinad ● continuum with ● vary mall TK for local
momantso Crow us~d th~ tyctmatlcs of ❑ixturao of C@In3 (local ❑omont),
Copb3 (haavy formion), ●nd CsSn3 (mlxad valent) to ~how how all of th

pmrsmataro vary omoothly.

Similarly, Fort, P@nnay, ●nd Fltk (*o would hava Moohchalkov lf lm had
comt) ●dvocatod tho Hall ●ffoct an an indicator of tho Onmot of coharonce
(and thus haavinans) and this laads ●l-o to an mnalytlc continuation from
heavy farmions to mixad valonco. Kutty ●nd Vaidya probably oaw tha came
thing undar prtotura, but must ●xtand thair moaour~msnto to lowar
t~rnparaturt. Croft hao compounded carium with d-oloctron ●lam@nto mora to



the left in the periodic table. In going from chromium to copper he found
that cerium exhibited Kondo to mixed valence and back to Kondo behavior.
Finally, I believe that Aeppli mentioned that CePd3, a typical mixed valent
compound, shows the same sort of spin correlations as the heavy fennion
compoundo. It wao thus made very clear that we munt be able to deal with a
continuum as we work to underemnd heavy fermions and mixed valence.

The question of Wo (or ❑ore) temperature ecalee came up fairly
often. I worry about this bacauoe the fitting of two exponentiala to a
curve is not unique. In general one cari fit data that looks like the aum
of two ●xponentials with any number of them or even a distribution of
expotientials. Tha fact thnt such fitting 10 eaaentially impossible is not
widely appreciated. Thic can lead people to falsely believe thare are two
anargy scales in their data when other phycice 10 going on. The difficulty
ie best seen when the txo ocaleo than seem to be coupled. Auerbach showed
a calculation whore such physics can arise from a eingle energy scale.
Thompoon, Lawrenc@, ●nd Wachter ●ll shwed work whera scaling tendo ro
elimiruta the rimed for &o scmlao or where the uoe of two is juutlfied by
mom than onc measurement.

Tha X,1-X business ID overworked. I suspect this is don. ●o a oafs
routs to lieu materimls. Mont new phyaica comeo from ordared compounds and
not from -torialc of the form AxB1.x~~. I will give r~e
examplms of aurpriaee from ordered compounds. At the Tata Institute: the
high ordaring temporaturoa in CeRh#i2 ●nd later in CaRh3B2 hava raised
many qumstions ●s to why thara it a departure of ordoring temperaturao from
● D&@nnoa factor scaling; tha ❑ixad valsnco of EuPd#i2 lad to much ❑ixed
valcnca work; ●nd droppi~ ● boron into tha body cantar of CaRh3 to yield
ceRh#x vat a good way to #hilt properti~s ●nd i@ no’~ ~in8 put ~ uoo in
URh3Bx ● t Argonna ●m Dunlap diacusaad. At Loo Alamos, Fisk’- pursuft of
ordorad compounds lad him to UPt3 and it- oup,rconductivity, and hia
attempts ●t substitutions on ona of two diffamnt oitcs in ordared binariee
iod him to tha heavinaom of UAuPth and CaAICu~ from the far lass intereae
ing compoundm UPt5 and COCLi5. Looking for now ground ~utas in ordered
compounds runt th~ rick, of courso, that nothing will M found.

Tho “sum” routs fm th~ X,1-X busin-sc, but it uoually lintarizas the
b9havior. It guarantee an ●nalytic continuation of ti~a ●nd points with
ita smoothly varying dicordor. Tha rssultc t~nd to hida the fact that
prop~rtieo vary logarithmically ●s Impurities ● re ●dded to tho ●nd points.
FiMlly, it makao Andarton tall us, ●s ha did ●ftar Ott’s talk, that wo ● rc
putting in too many Impurities to be meaningful. I nota that tic thorium
in UB013 ●nd tha new hfgh Tc cuporconductors ●m X,1-X payoffo. I simply
want to nuggast that each studant not ba given ●nothor mat of ●nd points to
linoarice.

There wum mv~ml piocas of work worthy of comment but which do not
yot fit into a lar~-r pattarn. Boucharla ●t al. showed that C@#n5 had
diff~ront bghavior on its tuo carium ●ltasp ona 10CS1 momant ●nd one mixed
valont. A baautiful and difficult damonotration. Vachtor’s otructum in
tha far infrared spactrum of UPt3 ● t low t~mporatura ❑ust ba daalt with.
Shivamm ahouad that an ●xtemal magnetic fiald do~c not oriant the super-
conducting ordar pararnatcr in UPt3, ●gain ● result of coma Irnporancc.
Rafababu ●nd tlalik ~housd that as g~rmanium roplacat silicon in CaCu#i~,
tha paff 10 umffectsd whila tha v ❑eves toward soro to shou tho magnetic
ordaring. Grovar, Dhar, Umarji, ●nd Halik domonotmt-d that CaRh#2 shows
● similarity to haavy farmion mtarlalc in Ito r~oponso to impuritian.
That lop •aosi~ with tha f-~lactron ●itto doos not do much, whila masolng
with the othor ●itoe hao dramatic ●ffocta. Edalotain mhowad that

gtdolinium Impuritioe in COA13 communiuatc vI* tha cerium ● corns. This
tacmt unusual in that local momonto do not UCUS1lY Paa ‘h, haavy ●lactrons.



There ware some things that we did not @ar about at all. There vaB
no double well dlscuaslon and no one lamented that we could not tell
itinerant from local f electrone. Indeed, we hve ~de progress over the
years, Unfortunately Ron Parks was not here for the fun. He vaa a man of
paoeion. He loved physics and knew how to instill thie in hio otudenta.
He loved India, after his only visit here, he tnlked at great length about
what he had seen ●nd done. I juet heard that he had tried all of the foode
from the street vendors without hesitation. Ron’s declaion to produce the
1969 volumes on Superconductivity vaa obviouely inspired. They remain in
heavy use. And of course, he began the mixed valence conference. He was
m:aaed.

3rfan tlaple ●nd the US-India Cooperative Science Progmm of the
National Science Foundation mada possible rha fine representation by U.S.
Scientiata. He are indebted to the utudenm hero for all of their efforta
to make things go so ●moothly. Finally we thank Profesaor~ Vijuyaraghavan,
Gupta, llallk, and mny others for their work to make thio ouch ●n
exceptioml confsrenco.
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